I. INTRODUCTION
Charmed baryon spectroscopy provides an ideal place for studying the dynamics of the light quarks in the environment of a heavy quark. The observed mass spectra and decay widths of singly charmed baryons are summarized in Table I . By now, the Table IV below for details). Notice that except for the parity of the lightest Λ + c and the heavier ones Λ c (2880)
+ [2, 6] and Λ c (2860) + [2] , none of the other J P quantum numbers given in Table I have been measured. One has to rely on the quark model to determine the J P assignments.
For a long time, only two ground states had been observed thus far for the Ω c baryons: ) and Ω c (3119) [5] . This has triggered a lot of interest in attempting to identify their spin-parity quantum numbers [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
In this work we shall use the predictions of the heavy quark-light diquark model and the Regge trajectories in conjunction with other model calculations to study the spin-parity quantum numbers of sextet and antitriplet charmed baryons, especially the newly discovered Ω c resonances.
II. SPECTROSCOPY
The charmed baryon spectroscopy has been studied extensively in various models. It appears that the spectroscopy is well described by the model based on the relativitsic heavy quark-light diquark model advocated by Ebert, Faustov and Galkin (EFG) [22] (see also [23] ). Indeed, the quantum numbers J P = 5 2 + of Λ c (2880) have been correctly predicted in the model based on the diquark idea [24] even before its discovery in the Belle experiment [6] .
Based on the heavy quark-light diquark model, EFG have constructed the Regge trajectories of heavy baryons for orbital and radial excitations; all available experimental data on heavy baryons fit nicely to linear Regge trajectories, namely, the trajectories in the (J, M 2 ) and [1] . For the masses and widths with a superscript † and * , we have taken into account the recent measurements of LHCb [2] or Belle [3] , respectively, for a weighted average. For Ξc(3055) 0 , we quote the result from Belle [4] .
For the five new Ωc states, we quote [5] . (n r , M 2 ) planes for orbitally and radially excited heavy baryons, respectively:
where J is the baryon spin, M is the baryon mass, n r is the radial excitation quantum number, α, β are the slopes and α 0 , β 0 are the intercepts. The Regge trajectories can be plotted for charmed baryons with natural (P = (−1) J−1/2 ) and unnatural (P = (−1) J+1/2 ) parities. We have proposed in [25] to employ the predictions of the spin-parity quantum numbers of charmed baryons and their masses in [22] as a theoretical benchmark, where the linearity, parallelism and equidistance of the Regge trajectories were verified in their calculations.
A. Ω c states
Some recent calculations of the Ω c spectrum based on the quark model, QCD sum rules, lattice QCD are summarized in Table II. (See also The P -wave Ω c baryons denoted by Ω cJ ℓ (J P ) andΩ cJ ℓ (J P ) with J ℓ being the total angular momentum of the two light quarks [28, 29] .
nearly parallel Regge trajectories of Ω c shown in Fig. 1 and the roughly equal distances
between Ω c (2695) and Ω c (3050) with natural parities and between Ω c (2770) and Ω c (3066) with unnatural parities (see Fig. 2 ).
Since many authors [10, 12-14, 16, 17] claim that the newly observed five Ω c resonances can be assigned to the five orbitally excited 1P (1/2 − , 3/2 − , 5/2 − ) states, we will go through the details and show that not all the observed Ω c baryons can be interpreted as the P -wave orbitally excited states.
In the quark model, there are seven first P -wave orbitally excited Ω c states given in Table III . Assuming that the spin of the two light quarks S ℓ is 1, a common assumption for the sextet baryons, we are left with five states Ω c0 (
in the notation of B cJ ℓ (J P ) with J ℓ being the total angular momentum of the two light quarks [28, 29] . The orbital angular momentum of the light diquark can be decomposed into − Ω c state. P but different J ℓ will mix together [22] . Following [17, 30] , we write
We shall see below that the ( metry are incorporated [31, 32] . In this approach, the partial widths read 
where T i and S ij µ are superfields for S-wave baryons and X ij µν for spin-5 2 and spin- [33] for details). 
We next turn to the widths of Ω c (3050) and Ω c (3066). It is clear from Eq. (2.4) that their widths are governed by the coupling h 10 which can be determined from the measured widths of Σ c (2800) ++,+,0 to be [34] |h 10 | = (0.85
We then obtain Γ(Ω c (3050)) = sin 2 θ 2 (8.6 There are two recent papers claiming reasonable model results for the Ω c widths: [12] and [17] . Using the decay formula proposed by Eichten, Hill and Quigg and the 3 P 0 model )) too large by a factor of 2 compared to the recent measurements by Belle [3] . Therefore, we should use h 2 = 0.437
−0.102 [28] in the ensuing discussions. in conjunction with the simple harmonic oscillator wave functions for the transition form factors, Chen and Liu [17] calculated partial and total widths for the 1P and 2S Ω c states.
They obtained Γ(Ω c0 ) = 35 MeV (see Fig. 1 of [17] ), which was smaller than our modelindependent result by one order of magnitude. For comparison, we notice that a very broad width of 1400 MeV for Ω c0 is predicted in [18] , while the QCD sum rule result of 420 MeV [9] is very close to ours. As noticed in passing, if the width of Ω c0 is indeed of order 400 MeV, not both (1P, 1/2 − ) l and (1P, 1/2 − ) h can be identified with the observed narrow Ω c states.
Wang et al. computed the strong and radiative decays of Ω c states using the chiral quark model [12] and obtained narrow widths for all
and 5/2 − . In this work, the authors did not consider the mixing effects of the states with the same J but different J ℓ or S. We suspect that at least some widths calculated in [12] and [17] are underestimated. − containing the light axial-vector diquark [36] . In this work we shall consider the former case.
The state Λ c (2880) + , first observed by CLEO [35] in the Λ + c π + π − decay, was also seen by BaBar in the D 0 p spectrum [37] . Belle studied the experimental constraint on the J P quantum numbers of Λ c (2880) + [6] and found that J P = Its spin-parity assignment is quite diverse (see [25] for a review). The constraints on its spin and parity were recently studied by LHCb [2] . The most likely assignment was found to be − one (see Fig. 4 ). They are parallel to each other nicely. Recently, the discovery of the neutral Ξ c (3055) 0 , observed by its decay into the final-state ΛD 0 , and the first observation and evidence of the decays of Ξ c (3055) + and Ξ c (3080) + into ΛD + were presented by Belle [4] . [41] . According to the quarkdiquark model of [22] (see also [30] ), its J P quantum numbers could be − (1P ) (see Table 3 of [30] ). − state has a mass of order 2890 MeV. We shall designate this state to Ξ ′ c (2921) which carries the correct spin-parity quantum numbers and its mass is not far from 2890 MeV [36] . Hence, we should assign 
If the state Ξ 
E. Σ c states
The highest isotriplet charmed baryons, Σ c (2800) ++,+,0 , decaying to Λ + c π, were first measured by Belle [42] with widths of order 70 MeV. We have advocated in [28] that they are Σ c2 ( Here we repeat our argument again. The possible quark states are Σ c0 ( 
where h 3 is one of the couplings responsible for the s-wave transition between S-and Pwave baryons, and p π is the c.m. momentum of the pion. Using the quark model relation [33] and the coupling h 2 extracted from Λ c (2595
MeV for h 2 = 0.437 [28] and 885 MeV for h 2 = 0.63 [34] . In either case, the predicted width is too large by one order of magnitude compared to the measured one of order 75 MeV. Hence, this very broad Σ c0 cannot be identified with Σ c (2800). Therefore, Σ c (2800) ++,+,0 are likely to be either Σ c2 (
− ) or a mixture of the two. In the quark-diquark model [22] , both of them have very close masses compatible with experiment. Given the fact that for light strange baryons, the first orbital excitation of the light Σ has the quantum numbers J P =
2
− , we thus advocate a Σ c2 ( − Σ c (2790) state has a mass in the vicinity of 2790 MeV [22, 30] .
Using QCD sum rules, the authors of [9] obtained the widths of 200 MeV, 7.9 MeV and 300 MeV respectively for the Σ c0 (
and proposed that Σ c (2800) might be a 
are all in units of MeV. The yet detected states are labeled in red.
J P (nL) States Mass differences . The two states Ω c (3050) and Ω c (3066) form a P -wave ( doublet.
• Since the width of Ω c0 ( • For the Λ c and Ξ c antitriplet states, their Regge trajectories for the orbital excitations • The charmed baryon Σ c (2800) cannot be a 1 2 − state. Otherwise, its width will be over 400 MeV, too large compared to the measured one.
• In the study of Regge trajectories of Ξ ′ c states, we find a missing state. It should have quantum numbers 5 2 − with a mass around 2920 MeV.
• Antitriplet and sextet states classified according to their J P (nL) quantum numbers are shown in Table IV 
